Numerous pathogenic and nonpathogenic microorganisms produce antibiotics (1, 11) , bacteriocins (22, 31) , and microcins (2, 4) in culture. Among these are members of the Erwinia soft rot group. Many Erwinia carotovora subsp. carotovora strains produce bacteriocins in vitro, the majority of which are high-molecular-weight compounds resembling defective phage particles (8, 13, 16) . Erwinia carotovora subsp. betavasculorum, a wound pathogen which causes a vascular necrosis and root rot of sugarbeet (29) , also produces a purported bacteriocinlike substance which is inhibitory to strains of E. carotovora subsp. carotovora (26) and Erwinia amylovora (28) in vitro. This substance has not been characterized.
Elucidation of the ecological significance of bacteriocins, antibiotics, and other inhibitory substances produced by erwiniae and other microorganisms is important to understand the factors that affect population dynamics on plant surfaces. These inhibitory substances may also determine which microorganism gains ascendancy when competing for a specific ecological niche, such as a plant infection court. Accordingly, there is considerable evidence that the production of antibiotics by antagonists is important in the biological control of plant disease (7, 15, 19, 24) . However, direct evidence for the presence of antibiotics (32) and bacteriocins in plant tissue and in natural habitats is scarce. The bacteriocin syringacin W-1 has been detected (25) in red kidney bean stems and was correlated with a decrease in the population of a Pseudomonas syringae bacteriocin-sensitive strain.
This study characterized the activity of the purported bacteriocinlike substance produced by E. carotovora subsp.
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betavasciulorlim strains and determined its role in the competition of Erwinia strains in potato (Solanum tniberosiumn L.) infection courts.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The general characteristics and sources of E. carotovora subsp. betavascilorum strains used in this study have been described (30) . The 60 strains of Erwinia carotovora subsp. atroseptica and E. carotovora subsp. carotovora used in antibiotic sensitivity tests originated from diverse geographical locations throughout the world and from various sources. Strains Ecc7, Ecc14, Ecc24, and Ecc27 were isolated from macerated potato tuber tissues from plants grown in Tulelake and Bakersfield, Calif., respectively. Additional bacterial strains used in antibiotic sensitivity assays are included in Table 1 .
The strains used in potato tuber wound experiments and their relevant characteristics are listed in Table 2 . Strains Ecbl68a and Ecc7a, Eccl4a, Ecc24a, and Ecc27a were selected for their resistance to nalidixic acid (Nal) and rifampin (Rif), respectively, and were spontaneous derivatives of stains Ecbl68 and Ecc7, Ecc14, Ecc24, and Ecc27, respectively. Isogenic, antibiotic-negative (Ant-) mutant strains of Ecbl68b were generated for potato tuber wound experiments by transposon Tn5-751 mutagenesis (P. E. Axelrood, Ph.D. thesis, University of California, Berkeley, 1987) with the vector pME9 (23) . Ant-mutant strains which exhibited similar virulence to the parental strain were used in this study. Two additional Tn5-751 containing strains which produced the antibiotic were included in experiments for comparative purposes. Strains were routinely cultured on nutrient agar (Difco Laboratories, Detroit, Mich.) supplemented with 2.5% glycerol or on Luria agar (LA) (20) at 28°C. Culture media containing antimicrobial agents were supplemented with (in micrograms per milliliter): cycloheximide, 100; benomyl, 30; Nal, 100; streptomycin, 100; kanamycin, 20; and Rif, 100 Agrobacterium tumefaciens  IV  IV  IV  IV  Mazz 2-3   Agrobacterium tumefaciens   I  I  0  0  Wal 2516  Agrobacterium tumefaciens Wil  II  I  I  I  31:1:19  Agrobacterium radiobacter K84  IV  II   III  III  Bacillus subtilis 710  I  I  I  I  Bacillus subtilis 707  0  0  0  0  Clavobacter michiganense 752  IV  III  III  III  Clavobacter sepedonicum IV  IV  IV  IV  733  Erwinia amylovora 339  II  I  0  II  Erwinia amylovora 831  IV  IV  III  II  Erwinia chrysanthemi 1041   IV  III  II   Il  Erwinia chrysanthemni 1067   II  II  II  ll  Erwinia herbicola B7   II   I  I  I  Erwinia herbicola 26S R6-2  I  0  0  0  Erwinia rubifaciens 1015  III   II  I  II  Erwinia stewartii 850  IV  III   Ill   IlI  Erwinia stewartii 851   IV  IV  IV   IV  Escherichia coli JMB4  III  II  II  ll  Escherichia coli JC14603  II  II  I  11 Rhodococcus inhibition zones were measured from the outside edge of the antibiotic-producing colony to the outside edge of the inhibition zone. Antibiotic sensitivity was categorized as: 0. no inhibition; I, 1 to 5 mm zone of inhibition; II, 6 to 10 mm zone of inhibition; III, 11 to 15 mm zone of inhibition; IV, >16 mm zone of inhibition. Thirty-two E. carotovora subsp. carotovora and E. carotovora subsp. atroseptica strains were also tested for antibiotic production against Ecbl68, Ecbl75, Ecbl82, Ecbl90, Ecc7, and Ecc14 as described previously.
(ii) Influence of temperature, medium composition, and anaerobic incubation. The influence of temperature on antibiotic production by four E. carotovora subsp. betavasciulorum strains was determined by incubating NA antibiotic assay plates spotted with the orgahisms for 48 h at 9, 15, 20, 24, 28, and 33°C (+1.0°C). Plates were then atomized with an antibiotic-sensitive E. carotovora subsp. carotovora strain and incubated at the same temperature until there was sufficient growth to detect antibiotic production.
The influence of medium composition on antibiotic production by the strains was assayed as described for antibiotic production on solid media except that cultures were pelleted by centrifugation and suspended in sterile distilled water prior to spotting on various media. The media which were tested included NA, NA supplemented with 1% glycerol (NAG), potato agar without dextrose (6), LA, King medium B (KB) (18) , crystal violet pectate medium (9) , and minimal medium [1.0 g of KH,PO4, 1.0 g of K2HPO4, 1.0 g of NaCl, 0.5 g of sodium citrate, 4 (iii) Bactericidal activity. The determination of whether the antibiotic produced by four strains was bactericidal against Ecc7 was made by examining the inhibition zones on NAG antibiotic assay plates for live bacteria. Antibiotic assay plates were inoculated as described for antibiotic production on solid media and incubated for 48 h at 24°C. Plates were then atomized with Ecc7 and incubated for 5 days at 24TC. Two 7-mm NAG agar disks were cut fromn within inhibition zones and places in 10 ml of NB. Bacterial growth in NB was monitored after shake incubation (175 rpm) at 28°C for 24 h. All previously described experiments were repeated one or two times, and treatments were replicated three to nine times, depending on the experiment.
Competition among strains in potato tuber wound infections. (i) Inoculation and incubation. The strains of Erwinia used in experiments were selected on the basis of antibiotic production, sensitivity, or resistance (Table 3 ) and on the basis of virulence. Competition among antibiotic-producing strains of E. carotovora subsp. betavasculorum and antibiotic-sensitive or -resistant strains of E. carotovora subsp. carotovora was assessed by monitoring the population dynamics of various combinations of strains after inoculation into potato tuber wounds. Corresponding single strains were inoculated into wounds for comparative purposes. E. carotovora subsp. betavasculorum strains were Nalr and E. carotovora subsp. carotovora strains were Rif' unless otherwise indicated. Similar experiments were also done with five Ecb168b Ant-mutant strains (resistant to streptomycin, kanamycin, and trimethoprim) and Ecc7a.
Inoculum was prepared from 48-h-old cultures of individual strains grown at 28°C on NAG by washing cells once in 10 mM Trls hydrochloride buffer (pH 7.0) and then suspending them in the same buffer. Inoculum for each strain was adjusted to 108 CFU/ml, and cell densities were confirmed by dilution plating on NAG or MS medium. In one experiment, inoculum was prepared as previously described from 24-h-old cultures grown in NB, a medium in which antibiotic production was not detected. were also done with three unmarked strains (Ecb168, Ecb175, and Ecbl82) for comparative purposes. The population densities of these strains were determined by dilution plating on Ayer minimal medium (3) supplemented with 20 mM palatinose to differentiate subspecies (30) .
Population densities in potatoes incubated for 36 h or less were determined by cutting cylinders of potato tissue surrounding the inoculation site with a corkborer, since little tissue maceration was present. Cylinders cut from tubers contained some contiguous healthy tuber tissues. The cylinder of tissue was homogenized in 10 ml of 10 mM phosphate buffer with a mortar and pestle, and populations were quantified as described above.
The detection limits of dilution plating were approximately 100 CFU per tuber infection. Cell densities of strains in mixed infections below the detection threshold were given an arbitrary value of 99 CFU per potato. A logarithmic transformation of the population data was done prior to statistical analyses.
(iii) Determination of virulence and disease severity. The virulence of individual strains was assessed in the previously described tuber wound experiments by weighing the amount of macerated potato tissue in each tuber wound infection after a 48-h incubation period. Since the infected potatoes varied slightly in water content of macerated tissues and in the size of air pockets which developed inside infections, virulence was also evaluated in most experiments by measuring the volume of space in the tuber wound cavity after macerated tissues were removed (infection cavity size). This was done by slicing through the center of the inoculation site, removing macerated tissue for weighing, and then placing the tuber halves back together and holding them in place with a rubber band. Molten water agar (2%) was injected into each cavity and allowed to solidify. Each solidified water agar plug formed within each potato tuber wound cavity was weighed. Agar weight was converted to an estimate of the volume of the cavity. This conversion was based on the weight of an average of 20 1-cm3 blocks of solidified 2% water agar (average weight, 1.012 g). The disease severity in mixed-strain infections was also determined by weighing macerated tissues and by measuring the size of infection cavities as described above.
Development of antibiotic resistance in mixed-strain potato tuber infections. Ecc7a cells were isolated from mixed-strain tuber infections and tested in vitro in antibiotic sensitivity assays to determine whether Ecc7a developed resistance to the E. carotovora subsp. betavasculorum antibiotic in planta. Macerated tissues were collected from 48-h-old mixed-strain potato tuber infections with Ecbl68a-Ecc7a, Ecbl68-Ecc7a, Ecbl75-Ecc7a, and Ecbl82-Ecc7a (30 tuber infections from four experiments). Dilution plating of tissue samples was done on MS-Rif medium as described above, and 864 Rifr colonies were selected for the antibiotic sensitivity assay. Rif' colonies were also isolated from dilution plates from Ecc7a single-strain infections and used as controls. Colonies were stored at 4°C on NAG-Rif medium. The antibiotic sensitivity assay was done by streaking the center of an NA or NAG plate with a 24-h-old NB culture of Ecbl68a, Ecbl68, Ecbl75, or Ecbl82. Plates were incubated for 24 h at 28°C. Rif' colonies were then streaked perpendicular to the center line of growth, leaving a 1 to 2 mm gap adjacent to the growth. Plates were incubated overnight at 28°C, and inhibition of Ecc7a growth was recorded as positive or negative. All Rif' colonies that were not inhibited by E. carotovora subsp. betavasclulorum strains were screened for antibiotic production and for growth on Ayer minimal medium supplemented with 20 mM palatinose to ensure that none of the antibiotic-resistant survivors were colonies spontaneously Rif. Competition among strains in potato tuber wound infections. To determine the effect of a non-antibiotic-producing E. carotovora subsp. carotovora strain on the growth of Ecc7a in mixed infections, both strains were inoculated into tuber wounds singly and together at a cell density of 106 CFU as previously described. Ecc14 was nonmarked, and only Ecc7a population densities were determined in singleand mixed-strain infections as described above. Virulence and disease severity were evaluated as described above. RESULTS Antibiotic production on solid media. (i) Spectrum of activity. The antibiotic produced on solid media by the four E. carotovora subsp. betavasculorum strains exhibited a broad spectrum of activity against the majority of gram-negative and gram-positive bacterial strains from eight genera tested ( strain tuber wound infections (Table 5 ). Ecc7a population densities in mixed-strain infections were significantly lower than in corresponding single-strain infections by 5.6 to 7.3 log units (P = 0.05). Inhibition was greatest when inoculumcell ratios were 10:1 and 1:1 (Table 5 ). In contrast, the population densities of Ecbl68a in mixed-strain infections were not significantly different from the densities in corresponding single-strain infections. The population densities of Ecbl68a and Ecc7a in single-strain infections after 48 h of incubation were not significantly different, nor was the final cell density influenced by the inoculum concentration. Inhibition of antibiotic-sensitive strains by E. carotovora subsp. betavasculorum strains was not strain specific, nor was the interaction influenced by genetic marking of the strains. Results almost identical to those described previously were obtained when the experiments were repeated with the antibiotic-producing strains Ecbl75 and Ecbl82, a nonmarked strain of Ecbl68, and antibiotic-sensitive strain Ecc7a (Table 6 ) or Eccl4a. The medium used to grow the inoculum also did not affect the previously described inhibition of Ecc7a by Eccl68a in mixed infections, since similar results were observed when inoculum was prepared from NB, a medium in which antibiotic production was not detected.
The doubling time of Ecbl68a was similar in single (4.89 h) and mixed (4.25 h) Ecbl68a-Ecc7a infections (Fig. 1) , con- (Tables 5 and 6 ). In contrast to the above results, five Ant-mutant strains had little effect on the growth of antibiotic-sensitive strain Ecc7a in potato tuber wounds (Table 7) . Population densities of Ecc7a in mixed-strain infections with the Ant-strains ranged from 0.6 to 1.6 log units lower than in Ecc7a single-strain infections. This difference was significant in one strain combination (P = 0.05). In comparison, Ecc7a cell densities in mixed-strain infections with the Ecbl68b Ant' parental strain were 7.1 log units lower than in Ecc7a were similar to the Ecbl68b parental strain in both antibiotic production and tuber maceration, also inhibited the growth of Ecc7a in mixed-strain inoculations to a degree similar to that observed with the parental strain. The growth of antibiotic-resistant strain Ecc24a was little affected by antibiotic-producing strain Ecbl68a in mixedstrain tuber wound infections (Table 6) . Similar results were obtained in mixed-strain tuber wound infections with antibiotic-resistant strain Ecc27a. Final population densities after 48 h of incubation in mixed infections were approximately 1 log unit less than in corresponding single-strain infections.
(ii) Virulence of strains and disease severity in mixed-strain infections. There were differences in virulence among some of the strains used in these experiments, as measured by the amount of tissue maceration and the size of infection cavities. Ecbl68a caused significantly less tissue maceration T/ " ,' .
than antibiotic-resistant Ecc24a strain ( (Table 7) . Two additional differences remained statistically significant in most compartrophic Ecbl68b transposon-containing strains, which isons regardless of the method used (Tables 5 and 7 ). Rif' colonies isolated from 48-h-old Ecb168a-Ecc7a, Ecbl68-Ecc7a, Ecbl75-Ecc7a, and Ecbl82-Ecc7a mixedstrain infections, 851 were inhibited by E. carotovora subsp. betavasculorum strains in vitro; 13 colonies were not inhibited in vitro and were determined on the basis of physiological properties and antibiotic production to be E. carotovora subsp. betavasculorum that had become Rif. Such Rif' colonies were occasionally observed when macerated tissues from single-strain potato tuber wound infections were plated on MS-Rif medium (frequency, ca. 10-10).
Effect of anaerobic incubation on competition among strains in potato tuber wound infections. Anaerobic incubation affected the interactions of Ecb168a and Ecc7a strains. In contrast to aerobic incubation, Ecbl68a had little effect on Ecc7a in mixed-strain infections under anaerobic conditions. The final population density of Ecc7a in mixed infections with Ecbl68a was only 0.72 log units lower than in corresponding single-strain infections, although this slight difference was statistically significant (P = 0.05). These results correlated with the finding that antibiotic production by Ecbl68 did not occur in vitro under anaerobic conditions. The population densities of Ecbl68a and the amount of tissue maceration were similar in single-and mixed-strain infections. All of the experiments described above were repeated one or two times, and the results were similar to those presented.
Competition among strains in potato tuber wound infections. The population density of Ecc7a in Ecc7a-Eccl4 mixed-strain tuber wound infections was lower than in Ecc7a single-strain infections by 2.8 log units (P = 0.05) ( (22) . The antibiotic produced by these strains differs from bacteriocins because of its broad spectrum of activity. The medium composition affected both the size and clarity of inhibition zones. The addition of glycerol to solid medium enhanced antibiotic production. Antibiotic activity was only detected in liquid culture when glycerol was added to NB (P. Axelrood, unpublished results). Glycerol is a known precursor in the biosynthesis of other antibiotics (12, 27) and may directly or indirectly be involved in antibiotic biosynthesis by these strains. Many microorganisms produce inhibitory substances in vitro, but it has been difficult to detect these substances directly or indirectly in their natural habitats, such as in planta or in the rhizosphere. Although the erwinial antibiotic was not isolated and purified from potato tissues, other methods revealed its presence and activity. There was a complete correlation between antibiotic production by these strains in vitro and in planta and biological activity as defined by the population dynamics of competing Erwinia strains in potato tuber wound infections. Antibiotic-producing strains inhibited sensitive E. carotovora subsp. carotovora strains in vitro and in planta. Population densities of sensitive strains decreased in mixed-strain potato infections, whereas population densities of antibiotic-resistant strains increased. Furthermore, isogenic Ant-strains did not affect the growth of the sensitive strains. In addition, E. carotovora subsp. betavasculorum did not inhibit E. carotovora subsp. carotovora in vitro and in planta under anaerobic conditions. This correlated with the finding that the antibiotic was detected only under aerobic conditions and the conditions of reduced oxygen that occur in the infection court and diseased potato tissue. Lastly, diffusates from potato tissues macerated by antibiotic-producing strains inhibited antibiotic-sensitive strains, whereas those from non-antibiotic-producing Erwinia strains did not (P. Axelrood, unpublished results). In some cases, the population densities of E. carotovora subsp. carotovora appeared to be slightly affected in mixed-strain infections when antibiotic production would not be expected to be a factor, such as under anaerobic incubation or when resistant E. carotovora subsp. carotovora strains were used. However, this effect was no greater than when two compatible E. carotovora subsp. carotovora strains were inoculated together, as was shown here and elsewhere (10) . Great care was taken to ensure that other factors, such as possible differences among strains in virulence and differential growth rates, did not affect the analysis. This was in part the basis for the many experiments on population densities of bacteria in single-and mixed-strain infections with different strain combinations and sampling regimens. Both infection cavity size and the weight of macerated tissue were used to determine the extent of infection, and there was reasonably good agreement between the two techniques. However, because of the variation in water content of the macerated tissues among potatoes, infection cavity size is the more sensitive technique.
Evidence is accumulating that antibiotic and bacteriocin production can play a major role in affecting the composition of microbial communities in certain microhabitats, such as plant infection courts. Accordingly, agrocin production by Agrobacterium tumefaciens K84 is the key mechanism effecting the biological control of crown gall disease (17) . Bacteriocin production appeared to influence competition APPL. ENVIRON. MICROBIOL.
on July 8, 2017 by guest http://aem.asm.org/ between bacteriocin-sensitive and -resistant Rhizobium trifolii strains, which resulted in an increase in the proportion of nodules formed by the resistant strain (14) . With E. carotovora subsp. betavasculorum antibiotic production in the infection court of potato was the principal factor that enabled it to gain ascendancy over competing E. carotovora subsp. carotovora strains. It also was an early determinant in that inhibitory activity was detected 10 h after inoculation of infection sites. The mediating role of the antibiotic in competition was particularly notable, since E. carotovora subsp. betavasculorum became the primary colonist even though the virulence of some E. carotovora subsp. carotovora strains was sometimes greater and the initial inoculum densities at the infection site were equal or greater.
Microbial communities in the agroecosystem are complex, and their interactions are greatly affected by the biotic and abiotic environments. Agricultural soil is a disturbed ecosystem, and population densities of specific microorganisms are readily affected by farming practices. This can cause great shifts in the balance between beneficial and deleterious organisms, affecting plant health and productivity. Knowledge of the biological activities of specific microorganisms in their ecological niches, including identification of the key factors that enable them to gain dominance, should with time lead to the development of methods that allow the composition of microflora in targeted habitats to be manipulated. We consider antibiotic production by E. carotovora subsp. carotovora strains illustrative of one of these key factors.
